Introduction
Subcortical ischemic vascular disease (SIVD) is a heterogeneous group of diseases that are characterized by extensive cerebral white-matter lesions and lacunar infarcts (Rosenberg et al., 2014) . These lesions may lead to further cognitive decline of executive function and processing speed (Pantoni, 2010) . Sachdev et al. emphasized that the early stage of SIVD could exist without any evident cognitive impairments and that such individuals may be at an increased risk of future cognitive declines (Sachdev et al., 2014) . So an early detection of SIVD is critical for the timely treatment and improvement of the prognosis (Tu et al., 2017) .
Studies on SIVD have verified abnormal functional connectivity (FC) in some resting-state networks (RSNs) and hub brain regions, such as the posterior cingulate gyrus (PCG) within the default mode network (DMN), the precentral gyrus within the sensorimotor network (SMN) and the dorsolateral prefrontal cortex (DLPFC) within the frontal-parietal network (FPN). These RSNs have been widely acknowledged as the core brain regions of cognitive functions (Banerjee et al., 2016; de Pasquale et al., 2017) . However, few studies have fully investigated the features of the FC changes in patients with SIVD at the prodromal stage.
Therefore, reliable and practical methods are required to identify the characteristics and underlying neural network mechanisms of this disease.
Resting-state fMRI (rs-fMRI) neuroimaging is a useful approach to study functional connectivity (FC) of brain regions by detecting the blood-oxygen level dependent (BOLD) signals (Hirano and Yamada, 2013) . Independent component analysis (ICA), a multivariate data-driven analysis method of rs-fMRI, can identify RSNs and investigate FC changes in vivo (Tak and Ye, 2014) . ICA attempts to recognize the underlying and maximum independent source signals only from the measured observations without any prior knowledge, and it is possible to selectively focus on one or more RSNs affected by a certain neurological condition (Dipasquale and Cercignani, 2016) . Therefore, ICA has been employed as an efficient and accurate analysis method to detect potential neural mechanisms for several neurological diseases (Hong et al., 2017) , such as mild cognitive impairments (Liu et al., 2017 ), Alzheimer's dementia (Chong et al., 2017 ), Parkinson's disease (Boord et al., 2017) , multiple sclerosis (Meijer et al., 2017) , essential tremor (Fang et al., 2015) , and vascular diseases.
In the present study, we computed the functional brain connectivity in patients with SIVD by means of ICA and further evaluated the relationships between FC alterations and cognitive parameters. We hypothesized that the FC may present abnormalities in RSNs at the prodromal stage of SIVD and the early FC alterations in patient groups (pre-SVCI and SVCI groups) might relate to the cognitive performance.
Results

Demographic and cognitive characteristics
Nineteen subjects were excluded, including seven people who were identified with other nervous system diseases during MRI scanning, six people who were incapable of completing the neuropsychological assessments, and six people whose data did not meet the processing requirements. Thus, eighty-one participants were recruited, including fifty-four SIVD patients with (SVCI, N=29) and without (pre-SVCI, N=25) cognitive impairments, and normal controls (NC, N=27).
Demographic and clinical characteristics of the participants are presented in Table 1 . The systolic blood pressure, history of hypertension and diabetes mellitus, WMH volume and the number of lacunes were significantly different in the SVCI and pre-SVCI groups compared with the NC group. Specifically, the WMH volume in the SVCI group was significantly larger than that in the pre-SVCI group. There were no significant differences in age, gender, education, fast glucose, diastolic, level of triglycerides, history of smoking and drinking among the three groups. Table 2 shows the cognitive assessments. Apparently, the SVCI group exhibited the worst results on ADL scoring and tests of the five cognitive domains. The pre-SVCI group performed significantly worse on TMT-B test than did the NC group. There were no significant differences in the HAMD among the three groups.
ICA analysis
Eight independent components (ICs) were recognized as the seven RSNs of the thirty components. (Fig 2, Table 3 ).
The post-hoc pairwise comparisons were then used to compare the FC changes between each pair of groups. The FC was significantly higher at the PreCG.R/PoCG.R of SMN, PCG.L of pDMN, PRGdor.L and IFG.R of LN, MFG.R and SMG.R of rFPN in the pre-SVCI group than in the NC group. The SVCI group showed significantly decreased FC at the PCG.L in pDMN and bilateral PRGdor in LN, as compared with the pre-SVCI group. The SVCI group, as compared with the NC group, showed an increased FC at the PMV.R in SMN (P < 0.05, AlphaSim corrected). (Fig 3, Table 4 ).
Correlation analysis
The mean values in the IFG.R of LN (r=0.432, P=0.045) and PCG.L of pDMN (r=0.474, P=0.026) in the pre-SVCI group were significantly positively correlated with CDT, respectively (P<0.05, uncorrected). The accuracy of the Stroop-1 Test was significantly positively correlated with the mean values in PreCG.R/PoCG.R of SMN (r=0.609, P=0.003, uncorrected) and the SMG.R of rFPN (r=0.504, P=0.017, uncorrected) (Fig 4) . The other mean values in the brain regions with altered FC were not found to be significantly correlated with the cognitive assessments.
Discussion
The present study indicates that the FC has been changed in multiple RSNs of SIVD patients. The significantly altered FC was found in the brain regions of SMN, pDMN, LN and rFPN. The FC in the pre-SVCI group showed higher level than did the other two groups, which may be interpreted as the maladaptive response or compensatory reallocation of the cognitive resources (Barkhof et al., 2014) . The decreased FC in the SVCI group compared with the pre-SVCI group suggested the dysfunction of the connectivity between neurons. The mean values extracted from the altered brain areas of the pre-SVCI group, including the IFG.R, PCG.L, PreCG.R/PoCG.R and SMG.R, were significantly correlated with CDT and Stroop-1 Test, showing the association with visuospatial perception and executive function In our study, the FC in the PCG.L was significantly increased in the pre-SVCI group compared with the NC group and was significantly decreased in the SVCI group compared with the pre-SVCI group. The increased FC at prodromal stage may be the compensatory mechanism for maintaining the normal cognitive function, and the decreased FC in the SVCI group indicated the impaired neuronal connectivity which may result in cognitive impairment (Smitha et al., 2017) . Meanwhile, the mean values of the PCG.L was positively correlated with the CDT, which represents the visuospatial perception and executive functions. pDMN and its widespread connections are regarded as the most prominent network that is positively correlated with cognitive functions, but it is also vulnerable to pathological changes of subcortical vascular diseases and neurodegenerative diseases (Florin and Baillet, 2015; Krajcovicova et al., 2014) . The PCG plays a pivotal role in the pDMN and exhibits heterogeneous FC with numerous components in motor, memory and executive systems (de Pasquale et al., 2017) . Our study demonstrated that the FC in the PCG was susceptible to SIVD, which presented both hyperactivation and functional deficits during the progress of the disease.
We also found that significantly increased FC in the left PRGdor and IFG.R within the LN, and in the MFG.R and SMG.R within the rFPN of the pre-SVCI group compared with the NC group. The increased FC in the right prefrontal regions were in line with the findings in previous studies (Liang et al., 2011; Liu et al., 2018 ) that the right hemisphere was the This finding is consistent with the conclusions from the other studies in which the SMN was found to be involved in cognitive functional organizations besides the core role of executive motor function (Ni et al., 2016) .
Finally, we also found significant difference in neuropsychological assessment. when compared with the NC group, the pre-SVCI group presented declined on TMT-B test, which indicated the disorder of the executive function at early stage of disease. Previous studies have verified that the cognitive impairments in SIVD is characterized by the damage to the executive function, but the episodic memory remains relatively intact (Pantoni, 2010; Rosenberg et al., 2014) . The SVCI group showed a wide range of functional impairments covered by the five cognitive domains. So, we concluded that the asymptomatic patients in the pre-SVCI group might be a high-risk population for further cognitive impairments. We have also evaluated the WMH volume and the number of lacunes, which are regarded as the major features of SIVD (Zeestraten et al., 2017) . Our results showed that the SVCI group sustained the worst WMH and the most lacunes, which is consistent with the finding of previous studies that the heavier burden of the subcortical ischemic vascular lesions was, the severer destructions of the cognitive functions would be (Hong et al., 2017; Zamboni et al., 2017 ).
There are some limitations for our study. First, this was a limited sample size and cross-sectional research, and it is difficult to make sure that the pre-SVCI group would certainly develop cognitive impairment as a result. Further longitudinal studies are needed to investigate the detailed progress of this group to exclude some inexact factors. The AlphaSim correction method we used may not be strict enough to support the convincing results, although this method is still applied in related fields (Bi et al., 2018; Sun et al., 2018) . Second, the correlation results were not valid after Bonferroni correction, which means these results might only be considered for exploratory analyses. A larger scale research and more rigorous multiple correction like GRF or FDR correction are suggested to increase the statistical power.
In addition, the BOLD signals we collected may have been affected by the abnormal perfusions in patient groups, so it might be more precise to detect the alterations of FC controlled for cerebral blood flow. The perfusion data should be taken into account to get more reliable results of the study.
In conclusion, the changes in RSNs of SIVD patients were presented even at the prodromal stages, and the FC values of the altered brain regions were correlated with cognitive assessments. This study has elucidated an important role for the network analysis in understanding the SIVD-related cognitive influence. Our findings may offer a new potential imaging marker for exploring intrinsic properties in SIVD.
Experimental Procedure
Participants
100 right-handed participants, including 66 patients meeting the criteria of SIVD and 34 healthy controls, were recruited in the study. Each subject signed an informed consent approved by the ethics committee of Chongqing Medical University, and the study was performed in accordance with the Declaration of Helsinki of the World Medical Association.
The patients with SIVD met the following criteria (Román et al., 2002) : 1) the white matter lesions: hyperintensities extending into periventricular and deep white matter; extending caps (>10 mm as measured parallel to ventricle) or irregular halo (>10 mm with broad, irregular margins and extending into deep white matter); and diffusely confluent hyperintensities (>25 mm, irregular shape) or extensive white-matter change (diffuse hyperintensity without focal lesions); 2) lacunar cases: multiple lacunas (>2) in the deep gray matter and at least moderate white-matter lesions; 3) absence of hemorrhages, cortical and/or territorial infarcts and watershed infarcts; signs of normal pressure hydrocephalus; and specific causes of white-matter lesions.
The diagnosis of SVCI was made according to the criteria (Galluzzi et al., 2005) The pre-SVCI group met the following criteria: 1) in accordance with the criteria of SIVD; 2) normal daily life activities and cognitive assessments; 3) a Clinical Dementia Rating Scale (CDR) score = 0; 4) a Mini-Mental State Examination (MMSE) score ≥27.
The criteria for the normal controls were: 1) no neurological and psychiatric disorders, 2) no abnormal findings on the conventional brain MR imaging, and 3) no cognitive complaints.
The exclusion criteria for all of the subjects included the followings: 1) metabolic conditions, such as hypothyroidism or folic acid deficiencies; 2) psychiatric disorders, such as schizophrenia or depression; 3) Parkinsonian syndrome, epilepsy, and other nervous system diseases that can influence cognitive functions. Of course, anyone with a metallic foreign body or other relevant MR scanning contraindications was excluded from the study. Additionally, the WMH volume was assessed on FLAIR images by the AccuBrain TM , a brain quantification tool that calculates the brain structure and tissue segmentation as well as WMH volume in a fully automatic mode, instead of the visually rating (Abrigo et al., 2018; Wang et al., 2019) . The number of lacunes were visually evaluated by two experienced radiologists blinded to the group status. The intra-class correlation coefficient between the two raters was 0.984 and the 95% confidence interval was between 0.977 and 0.998.
Neuropsychological assessment
All participants underwent a comprehensive neuropsychological battery. 
MRI acquisition
MRI scanning was performed on a GE Signa Hdxt 3.0T scanner using an eight-channel phased-array head coil. Foam padding was used to restrict head movement, and ear plugs were used to minimize the scanner noise. The subjects were told to relax, keep their eyes closed, and remain awake. Rs-fMRI data were acquired using an echo-planar image ( 
Data preprocessing
After the quality of the raw functional images was carefully evaluated, data preprocessing was conducted using the toolboxes of DPARSFA version 2.3 (Chao-Gan and Yu-Feng) and REST version 1.8 (Song et al.) . The steps are briefly listed as follows: 1) Removal of the first 10 timepoints from each subject to allow for the equilibration of the magnetization and saturation effects; 2) Slice timing correction to correct the different acquisition time across slices; 3) Realignment for head motion correction (subjects with head motion >3.0 mm translation or >3.0° rotation were excluded) . Finally, six SIVD patients were ruled out of the six motion parameters. The mean framewise displacement (FD) was also calculated to characterize the instantaneous head motion of each volume and there was no significant difference in the mean FD among three groups. 4) Spatial normalization into the standard Montreal Neurological Institute (MNI) space with a resampling voxel size of 3 × 3 × 3 mm 3 and spatial smoothing by convolution with an isotropic Gaussian kernel of a 6 mm full width at half maximum.
Independent component analysis (ICA)
ICA with the GIFT toolbox version 3.0 (Beckmann) was used to extract the RSNs and their corresponding time courses. The optimal number was conducted using the minimum description length (MDL) criterion (Li et al., 2006) , and 30 components were determined. The analysis procedure included 1) principle component analysis (PCA) reduction, 2) ICA separation, and 3) back-reconstruction. First, all of the data from each subject were concatenated into one dataset and reduced by PCA. Second, the Infomax algorithm (Calhoun et al.) was used to maximize the spatial independence of the RSNs with a predetermined dimensionality of 30. This analysis was repeated 20 times in ICASSO (Artoni et al., 2012) to estimate stable components. Third, the generated spatial maps and associated time courses corresponding to the ICs for each subject were back-reconstructed by a group of independent component analyses (GICA3) (Erhardt et al., 2011 ) with z-score conversions. Visual inspections were performed to identify the RSNs in the spatial maps according to the "canonical" template and neuroanatomical plausibility (Allen et al.).
Statistical analysis
Demographic information, clinical parameters, and cognitive test scores were compared among the three groups using SPSS 23.0 software. One-way ANOVA analysis and post-hoc multiple comparisons were used to assess differences in the continuous variables across the groups, the Kruskal-Wallis H test was used for the nonparametric data, and the χ2 test was used for the sex proportions.
The spatial maps for each RSN extracted from ICA were generated using one-sample t-tests (P<0.05, FWE corrected) of SVCI, pre-SVCI and NC groups in SPM8
(http://www.fil.ion.ucl.ac.uk/spm), and these maps were binarized and united to create the masks for each RSN to determine the significant brain regions by ANOVA, with age, gender and education as variances. AlphaSim multiple comparisons with the threshold of P<0.05 was used (cluster threshold ≥9 voxels) . The post-hoc individual tests were further conducted to detect differences between each pair of the groups (P<0.05, AlphaSim corrected). The brain regions with significantly changed FC were labelled based on the Brodmann Area (BA).
Spearman correlation analysis was performed to explore the relationships between the mean values extracted from the nine brain regions with altered FC and ten cognitive assessments controlled for age, gender and education (P<0.05, two-tailed). Due to multiple testing, a Bonferroni correction was used to adjust P values. (P c <0.05/9x10 was considered statistically significant). One-way ANOVA and post-hoc analyses were used to assess differences in the continuous variables across the groups. The Kruskal-Wallis H was used for the nonparametric data, and the χ2 test was used for the sex proportions. The data are presented as the mean ± SD for normally distributed variables. a: significant compared to the NC group (P<0.05); b: significant compared to the pre-SVCI group (P<0.05); WMH: white matter hyperintensities.NC: normal controls, pre-SVCI: subcortical ischemic vascular disease without cognitive impairments, SVCI: subcortical ischemic vascular disease with cognitive impairments. 
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